In this work we investigate the effects of ion accretion and size-dependent dust temperatures on the abundances of both gas-phase and grain-surface species. While past work has assumed a constant areal density for icy species, we show that this assumption is invalid and the chemical differentiation over grain sizes are significant. We use a gas-grain chemical code to numerically demonstrate this in two typical interstellar conditions: dark cloud (DC) and cold neutral medium (CNM). It is shown that, although the grain size distribution variation (but with the total grain surface area unchanged) has little effect on the gas-phase abundances, it can alter the abundances of some surface species by factors up to ∼ 2-4 orders of magnitude. The areal densities of ice species are larger on smaller grains in the DC model as the consequence of ion accretion. However, the surface areal density evolution tracks are more complex in the CNM model due to the combined effects of ion accretion and dust temperature variation. The surface areal density differences between the smallest (∼ 0.01µm) and the biggest (∼ 0.2µm) grains can reach ∼ 1 and ∼ 5 orders of magnitude in the DC and CNM models, respectively.
INTRODUCTION
Generally, gas-grain chemical models assume a uniform, single grain size (a = 0.1 µm) to represent the grain surface (e.g. Hasegawa et al. 1992; Garrod & Herbst 2006; Garrod et al. 2008; Semenov et al. 2010; Garrod 2013a,b) . In this context, many advancements have been made to better interpret observations, e.g., the modified-rate method (e.g. Caselli et al. 1998; Stantcheva et al. 2001; Garrod 2008) , and Monte Carlo simulations of coupled gas-grain chemistry (e.g. Vasyunin et al. 2009; Vasyunin & Herbst 2013; Garrod 2013b; Chang & Herbst 2014) . However, some studies have considered the effects of grain size distributions and dust temperature variation on chemistry (Cuppen et al. 2006; Acharyya et al. 2011; Pauly & Garrod 2016) . These studies considered accretion processes for neutral species but ignored ion accretion, which may be an important contributor to surface material. A proper treatment of grain size distribution is becoming a routine practice in astrochemical modeling. Following the treatment of ion accretion described in ⋆ E-mail: gejixing@ynao.ac.cn † E-mail: jinhuahe@ynao.ac.cn our previous work (Ge et al. 2016, hereafter GHY) , in this Letter the coupling of the grain size distributions with ion accretion processes and dust temperature distributions is analysed and simulated to illustrate its important chemical consequences.
MODELS AND METHOD

Physical models
In order to test the effects of ion accretion, we adopt two typical physical models that represent two extreme conditions in the cold interstellar medium: dark cloud (DC) and cold neutral medium (CNM) . For the DC model, the gas kinetic temperature is Tgas = 10.0 K, gas density is nH = 10 4 cm −3 and the visual extinction is taken to be AV = 7.5 mag. For the CNM model, Tgas = 100 K, nH = 30 cm −3 and AV = 0 mag. The parameters of dust will be discussed in detail below. The unattenuated far ultraviolet (FUV) flux χ is fixed to the standard interstellar radiation field (ISRF) strength (Draine 1978) for both DC and CNM models. Weingartner & Draine (2001) (hereafter WD) with RV = 3.1 and bc = 6 × 10 −5 . Unlike the assumptions used in previous gas-grain models (e.g. Hasegawa et al. 1992; Semenov et al. 2010; Acharyya et al. 2011 ), the dust temperature should be different from the gas temperature and vary over grain sizes (see e.g. Li & Mann 2012) . For the CNM model, we adopt the dust temperature profile over grain sizes from Li & Mann (2012) (the curve with ISRF strength χMMP = 1.0 in their Fig. 3 ). For the grain temperatures in our DC model, a trial thermal balance computation with the attenuated interstellar UV radiation as the sole heating source shows decreasing temperature toward small grain size. However, the small-grain temperature may not be so low if cosmic ray heating and UV photon scattering in turbulent clouds are taken into account. Therefore, we adopt a constant grain temperature of 9.1 K (from a new calculation according to Li & Mann 2012) for all grain sizes in the DC model. As a result, we only investigate the chemical effects of varying grain temperatures in the CNM model, but not in the DC model.
To check the effects of different grain size distributions, we also adopt a single grain size model (a = 10 −5 cm) with fixed typical dust-to-gas mass ratio of 0.01 and dust temperatures of 9.1 K and 18 K for the DC and CNM models respectively. The gas parameters are set to be the same as in Section 2.1. To exclude the chemical effects of varying total grain surface areas, we set the total grain surface areas of our new models to be the same as that of the single grain-size models. This determines the total amount of dust; thus, the dust-to-gas mass ratio can be different among the models with different grain size distributions. We sample the original grain size distributions with nine grain sizes. Integrated grain surface area is computed as a function of grain 
Note: Values are taken from Semenov et al. (2010) . * a(b)=a × 10 b . ** For the CNM model, all the hydrogen nuclei are initially atomic (i.e., n(H)/n H = 1).
size (0.01µm ≤ a ≤ 0.25µm) and homogeneously divided into nine subranges. Then the grain size corresponding to the median grain surface area in each subrange is adopted and the number density of the grains is determined from the conservation of grain surface area within each subrange. The resulting dust grain radii, number density and temperature are listed in Table 1 .
Chemical model
We adopt the full gas-phase network from Semenov et al. (2010) . For the surface chemical network, because we will differentiate the chemistry on grains of different sizes, we reduce the surface network to a simpler one that includes only the surface reactions of ice species composed of H, C and O (see the reduced surface reaction network in Fig. 1 ) to avoid huge computation. The (neutral and ion) accretion and desorption for all surface species in our reduced network are included. We also consider the photo-electron (PE) ejection processes of grains and a wide enough range of the grain charges from −5e to +30e to simulate the variation of grain charges. However, we do not differentiate the chemical abundances on grains with different charges to reduce computational complexity. Actually, the fast variation of grain charges caused by the PE and charge accretion (especially the fast electron recombination) may result in efficient chemical mixing among grains with different charges. This network is also applied to the single grain-size models. Our FORTRAN code 'ggchem' (see GHY) is modified to model the grain size distribution and the variation of dust temperature. A modified rate equation method similar to Garrod (2008) is applied to handle the surface chemistry on small grains. The initial gas abundances are listed in Table 2 and the grains are all bare at the beginning.
Chemical differentiation over grain sizes
With the inclusion of ion accretion and grain temperature variation, the chemical kinetic equation describing the formation and destruction of a surface species i on grains with radius a is given as
where the first and second terms on the right side of the equation are the production and consumption rates of chemical reactions respectively, where P is the reaction probability, n d (a) is the number density of grains with radius a, rx
being the characteristic vibrational frequency in which Ns is the adsorption site density on grains, E des (x) and E diff (x) are the desorption and diffusion energy respectively, k b is the Boltzman constant; the third term is for the desorption processes including thermal and cosmic-ray induced desorption, which is described by k
where f = 3.0 × 10 −19 is the ratio of grain cooling timescale via desorption of molecules to the timescale of subsequent heating events; the fourth term is for the neutral accretion process, where
is the average thermal speed of gas-phase species i with mass mi, Sneu = 1.0 is the sticking coefficient for neutral species, n neu i is the number density of species i; the last term is for the accretion of ionic species j with the Coulomb factorJ which is a function of grain size, gas temperature and charge ratio between the grains and the accreted ions (see details in GHY). Sion = 0.5 is the sticking coefficient of neutral products of ion accretion ( equivalent to assuming that half of the neutral products remain on the grain surface). Note that we sum over the grain charges in the last term because we do not differentiate the surface abundances over grain charges. For more details see Draine & Sutin (1987) , Semenov et al. (2010) and GHY.
By dividing 4πa 2 n d (a) to each term of equation (1), we finally get the kinetic equation about areal density α charge-weighted average Coulomb factor. From this equation, one can see that all but the neutral accretion process (the fourth term) are dependent on the grain size and/or temperature, which will result in the chemical differentiation over grain sizes. When the product of ion abundance and J is large enough, we expect that the ion accretion will become important so as to produce significant chemical differentiation over grain sizes. As the dust temperature decreases with increasing dust grain sizes in our CNM model, the thermal desorption rate coefficients and surface reaction rates increase exponentially with increasing grain temperature to reduce the abundances of light surface species (with lower desorption and diffusion energy barriers) on smaller grains much more than on big grains in this model. In these cases, the usual assumption of constant surface density over grain sizes (e.g. Acharyya et al. 2011 ) becomes invalid.
SIMULATION RESULTS
Comparison with single grain size chemical models
To check the chemical effects of different grain size distributions, we plot the abundance evolution tracks of some selected gas-phase and surface species calculated from models with a single grain size and with a grain size distribution in Fig. 2 and 3 for the DC and CNM models, respectively. From these two figures, we see that the abundance differences of gas-phase species are small (with factors less than ∼ 10) because the gas-phase ions are insensitive to their small loss via ion accretion. However, significant differences occur to some surface species (see right panels in the two figures). For example, in Fig. 2 , the surface species JC (red dashed lines) in our DC model with a grain size distribution show an enhanced abundance by factors more than 2 orders of magnitude at t < 10 4 yr, compared to that in the single grain-size model. For surface species in our CNM model with a grain size distribution (Fig. 3) , the JC, JCO, JOH and JH2O similarly present enhanced abundances by factors up to 4 orders of magnitude in the whole evolution.
The areal density evolution of surface species
We take JC and JCO as examples since JC shows the largest differentiation of areal density over grain sizes and JCO is a common ice species tightly related to JC. Their areal density evolution tracks are plotted in Fig. 4 . The panels in upper and lower rows are for the DC and CNM models, respectively. For JC in the DC model (upper left panel), the areal densities are larger on smaller grains than on bigger ones by factors more than 1 order of magnitude at t < 10 4 yr. However, the areal densities of JCO (upper right panel) are nearly the same on all grains because the neutral accretion and desorption are always the leading processes. In the CNM model, the situation is more complex and the areal densities are no longer the smallest on the biggest grains. The areal density differences are also much larger than that in the DC model, reaching ∼ 5 orders of magnitude. The reason for the complexity is the interplay between the ion accretion and the variation of dust temperature. Our trial computation (not shown) without dust temperature variation shows that the areal densities also monotonically decrease toward larger grains in the CNM model.
DISCUSSION
To explain the chemical trends in our models, we apply the Reaction Rate Tracing (RRT) method defined by GHY to some selected surface species. Instead of using the reaction rate R(a) for volume densities, we use the reaction rate R s (a) = R(a)/ 4πa 2 n d (a) for surface densities. We only show the most important chemical processes contributing to the selected species. Here, we also take JC as an example to present the RRT diagram of production rate in Fig. 5 .
The RRT diagrams of JC in the DC model (upper panels in Fig. 5 ) demonstrate that the accretions of C + onto grain G −1 (G Z denotes grains with charge number Z) are the leading processes on both the smallest (left panel) and biggest (right panel) grains at t < 10 4 yr. We note that the surface density production rate on the smallest grains are larger than that on the biggest grains due to the bigger Coulomb factor for smaller grains, which results in the enhancement of areal density on smaller grains by factors up to ∼ 1 orders of magnitude (see in Fig. 4) . At t > 10 4 yr, the C + abundance drops and the C abundance becomes very high due to the accretion and recombination with electron, and thus the C atom accretion becomes the leading processes on all grains. Because the neutral accretion rate coefficients are not dependent on grain sizes, JC shows the same area densities on all grains in this period in the upper left panel of Fig. 4 . This is also evidenced by the grain charge evolution, see the left panel of Fig. 6 , which shows that the grains are negatively charged at t < 10 5 yr, after that they become nearly neutral and this weakens the coulomb attraction for C + . For JC in the CNM model, the RRT diagrams (lower panels in Fig. 5) show that the leading formation process on the smallest grains is the accretion of C + onto neutral grains (G 0 ), except at early times t < 5000 yr when it is dominated by accretion of neutral C. For the largest grains, the neutral processes (i.e., the C atom accretion at t < 10 5 yr and the surface reaction between JC and JO after that) play the most important role in making JC. This is due to that the smallest and biggest grains possess different average charges of ∼ +1e and ∼ +22e respectively (see the right panel of Fig. 6 ), which results in efficient C + accretion on the smallest grains to recover its leading role at t > 5 × 10 3 yr, while the accretion of C + is always unimportant on the biggest grains due to the high Coulomb repulsive force.
We note that in the simulations reported above the thermal balance temperatures are adopted for all grains. However, tiny grains smaller than about 0.01µm may experience considerable temperature fluctuations upon single photon heating events (Draine & Li 2001) , which may introduce additional chemical differentiation over grain sizes. This is particularly true in our CNM model in which the radiation field is strong. A comparison of the grain temperature fluctuation time scales with the time scales of gas accretion onto grains, ice thermal desorption and surface chemical reactions in our CNM model shows that (1) the grain temperature fluctuation time scales are always much shorter than the gas accretion time scales; (2) a sudden rise of the grain temperature greatly speeds up thermal desorption (see also Aannestad & Kenyon 1979) and surface reactions of volatile surface species. Thus, we speculate that the grain temperature fluctuation tends to clear out volatile species from the surface of smaller grain through thermal desorption or converting them into more inert heavy species by thermally enhanced surface reactions. This will be investigated in a subsequent paper.
CONCLUSIONS
We have demonstrated that, when grain charging is handled properly, the inclusion of ion accretion onto grains and the size-dependency of grain temperature will result in a significant differentiation of areal densities of surface species over grain sizes. This renders the assumption of a constant surface density over grain sizes in gas-grain chemical modeling no longer valid. Our gas-grain chemical simulations of the DC and CNM models with a simplified chemical network have not only confirmed the differentiation effects, but also showed that shifting from a single grain size to a more realistic size distribution can incur a large variation of surface abundances by up to ∼ 2-4 orders of magnitude, even though the total grain surface area is kept unchanged. We thus conclude that the chemical differentiation across grain sizes results in measurable changes of the abundances of icy species with respect to that of the single grain-size model.
Our results have built up a link between ice formation and grain size distribution and grain charging processes. Together with the chemical effects of the variation of the total grain surface area in literature, the dust grain size distribution should have significant consequences upon hot core chemistry in which the ices will be differentially sublimated from grains of different sizes into the gas phase. The chemical effects may also open a new possiblity for investigating the dust grain size distributions through observations of ice absorption bands in the infrared.
